Study Objectives: To assess the relationship between sex and the development of sleep patterns in adolescents from grade 7 to 12.
Introduction
Adolescence is a critical period of rapid development and is characterized by physiological, psychological, cognitive, behavioral, and psychosocial maturation [1] . Sleep duration during adolescence is often less than required [2, 3] , which can negatively affect functioning [4] [5] [6] . Adolescents who have insufficient sleep or inappropriate sleep habits are more likely to suffer from sleepiness [7] , overweight [7, 8] , not engaging in daily physical activity [8, 9] , having emotional regulation problems [9, 10] , depressive symptoms [9, 10] , inattention [7, 9, 10] , memory problems [7, 11] , cognitive impairment [11, 12] , learning difficulties [11] , lower academic performance [13] , and displaying a variety of unhealthy risk behaviors such as consuming alcohol, smoking tobacco, and using illicit substances [9, 13] . A deeper understanding of sleep patterns is therefore crucial to effective health promotion in adolescents.
Despite increasing evidence supporting the high frequency of sleep problems in adolescents, only a few studies have attempted to characterize trends in sleep patterns [14] . Numerous cross-sectional studies have shown that bedtimes on both weekday and weekend nights, and rise times on weekend mornings become later during adolescence [15] [16] [17] [18] . Findings from cross-sectional studies, however, may be misleading as they cannot account for individual differences in developmental trajectories [19] . Of the few longitudinal studies available, Laberge et al. [19, 20] demonstrated an age-related delay in parent-reported bedtimes on both weekday and weekend nights, and a delay in weekend morning rise times over 4 years in 1144 Canadian adolescents aged 10-13 years. A similar trend in sleep onset time was found by Sadeh et al. [16] in a sample of 94 children aged 9 to 11 years. However, findings have been inconsistent. Andrade et al. [21] found no change in weekday and weekend bedtime and weekend rise time over 1 year follow-up in 66 Brazilian adolescents aged 12-16 years. Crowley et al. [22] studied the sleep patterns of two cohorts (38 aged 9-10 years and 56 aged 15-16 years) and found that though both cohorts showed later sleep onset (on both weekdays and weekends) and later weekend sleep offset with age, weekday sleep offset became earlier with age in the younger cohort and later in the older cohort after age 17. Thorleifsdottir et al. [23] followed up 668 Icelandic participants (1-20 years) 5 and 10 years later and they performed pooled data analysis with conclusion of adolescent's decreased sleep length and delayed bedtime with age as well as increased discrepancy in sleep duration between weekdays and weekends since aged 9 years. However, as time points of going to bed and getting up are not ratio variables, it may not be appropriate to compare time points directly and draw conclusions from this comparison. In terms of information from objective measurement longitudinally, Feinberg et al. [24] have reported weekday sleep length declined with age (entirely produced by the decreased nonrapid eye movement sleep) after recording electroencephalogram twice yearly on four consecutive nights for 6 years from US adolescents in two cohorts (30 aged 9 years and 37 aged 12 years). In general, previous reports on sleep patterns in adolescents have focused on either early adolescence [16, 20, 24] or on a relatively narrow age range with a follow-up of less than 3 years [21, 22, 25] . Given the mixed findings and methodological limitations of past research, longitudinal assessments of interpretable variables generated from sleep and wake times spanning a longer period of follow-up are needed to better understand developmental trajectories of sleep patterns during adolescence.
One crucial issue in regards to adolescents sleep behavior is insufficient sleep. Although changes in sleep across adolescence are a normal part of development, many adolescents are getting insufficient sleep and are consequently, less likely to perform well at school, more likely to develop mood-related disturbances, be obese, and at greater risk for traffic accidents, alcohol, and drug abuse [26] . A reduction in the amount of sleep from late childhood through to the second decade but the sleep need does not decline during this period [23, 27] . Fortunately, adolescents can compensate for their sleep deprivation on weekdays by catching up on weekends [28] . However, the discrepancy in sleep length between weekdays and the weekends matters because a large weekend-weekday difference (WndD) has been shown to have negative effects on school attendance and performance [29] . Sleep pattern inconsistency is also important. Past research has suggested that the school schedule may act as a social synchronizer that interferes with the physiological phase delay in adolescence [20] . In other words, school may constrain eveningtyped adolescents with differential sleep patterns to a standardized rhythm. Nonetheless, the circadian system does not adapt quickly enough to these frequent changes of earlier bed or wake times on weekdays and later times on weekends [30, 31] . This can result in negative health outcomes such as sleep deprivation, impaired functioning, and deficits in the ability to selfregulate emotions and behaviors [10] . In addition, this variability in sleep rhythm appears to have a stronger impact on these outcomes than chronically short sleep duration [32] . Therefore, WndD is not only appropriate but also necessary for measuring both the inadequacy ("sleep debt") [33] and inconsistency of sleep in the context of adolescents' health promotion.
Findings in terms of sex differences in sleep patterns have also been inconsistent in studies using similar measures and involving participants with similar characteristics. Limited studies have focused on ratio-scale variables. In terms of sleep length, some studies have found that girls sleep longer on weekdays [34] and weekends [34] [35] [36] [37] [38] , whereas others report no sex differences in sleep length on either weekdays or weekends [39, 40] . In terms of time in bed (TIB) differences between weekdays and the weekend, some researchers have found greater WndD in girls [37, 38] . Relatively few studies have examined sex differences in the development of sleep patterns longitudinally. In the few available studies, contradictory findings have been reported for rates of decline in sleep patterns for both sexes. For example, in one study, American boys had faster rates of decline in sleep problems than American girls aged 10-18 years. However, in another study, girls reported a sharper decline in hours of sleep than boys aged 11 to 14 years. These studies analyzed overall sleep duration or TIB, which can be less precise than using variables calculated from bedtimes and rise times. Furthermore, these studies did not investigate trends in various sleep patterns, the role of sex, and the possible interaction between sex and sleep trends. More data on intraindividual as opposed to interindividual variation are needed to better characterize changes in sleep patterns [41] .
In addition to the uncertainty about the relationship between sex and changes in sleep patterns, little is known about factors contributing to the development of sleep patterns in adolescents. According to the model proposed by Grandner et al. [42] , sleep is influenced by multiple levels of effects, namely, the microsystem, the mesosystem, and the macrosystem. Empirical studies have examined associations between several individual predictors in the microsystem and sleep duration. For example, depression [41, 43] , obesity [43] [44] [45] , physical inactivity [44, 46] , and substance use [46, 47] are all associated with shorter sleep duration. Despite efforts to identify factors associated with sleep, the cross-sectional nature of many previous studies has led to only a limited understanding of the effects of individual characteristics on the development of sleep patterns. Due to this lack of longitudinal research on the determinants of sleep pattern trajectories, factors influencing the development of sleep patterns in adolescents remain unknown.
This study aims to fill an important gap in the literature by exploring trends in sleep patterns among adolescents in secondary school and to examine whether the observed trends vary by sex. Factors associated with the development of sleep patterns were explored. We hypothesized that sleep patterns change in middle school while taking into account the possible effects of demographic, biological, psychological, behavioral, and social factors.
Methods

Study population
The present study was conducted as part of the Child and Adolescent Behaviors in Long-term Evolution (CABLE) project, a multiwave panel study of health and risk behaviors in Taiwanese children and adolescents with annual follow-up since 2001. Details of the CABLE study have been published elsewhere [48] . The CABLE study was approved by the Internal Review Board of the National Health Research Institutes (approval codes: EC9009003 and EC1041109-E) and written informed consent was obtained from either the parents or guardians of the index participants. We used data from the cohort who were first-graders in 2001 and adolescents in secondary schools from 2007 to 2012. The cohort consisted of 2857 participants, where 1747 of them (61.1%) had complete data of 6 years of follow-up. Participants with incomplete data were excluded. The comparison of demographic characteristics between completed group and excluded group was listed in Supplementary Table S1 .
Measures
Sleep patterns
Sleep time was assessed by asking participants "what time do you usually go to bed in the evening." Rising time was measured by asking "what time do you usually get out of bed in the morning" on a typical weekday (school day) and on the weekend. Answers were given in 24 hr time in hours and minutes. Similar sleep questions have been used successfully on adolescents in previous studies. We created three variables of interest in this study. TIB was calculated from bedtimes and rise times separately for weekdays and weekends using the following formula: 24 − bedtime in 24 hr clock time + rise time in 24 hr clock time. Variations in sleep patterns, which refers to the consistency of patterns of going to sleep and rising across weekdays and weekends, were derived from the discrepancy in TIB between weekdays and weekends (WndD, subtracting TIB on school days from TIB on weekends) [49] . The above three variables were treated as continuous variables.
Covariates
Participants' paternal and maternal education levels were coded as years of education. Residential or school area was classified as urban if the participant lived or studied in the biggest municipality (Taipei) and rural if the participant lived or studied in Hsinchu. Information on health-related variables and lifestyle factors was collected by either self-administered questionnaire or face-to-face interview.
Pubertal development was measured with a modified 4-item scale based on the Taiwanese version of the Puberty Development Scale [50] . Participants were asked about selfreported physical changes, including body hair and pimples in both sexes, voice deepening and facial hair in boys, and breast development and menstruation in girls. Total scores ranged from 4 to 16 with a higher score indicating more mature pubertal development.
Participants were also asked about their self-perceived general health. We dichotomized responses as poor health ("very unhealthy", "unhealthy," and "fair") or good health ("healthy" and "very healthy"). Self-rated health has been shown to be a reliable indicator of a person's objective or true health status [51] .
Body mass index (BMI) was estimated using participant self-reported body weight and height and then categorized as underweight, normal, overweight, and obese according to cutoffs recommended by the Health Promotion Administration, Ministry of Health and Welfare [52] .
Depressive symptoms were measured using 7 items about feeling sad, getting upset over nothing, lacking motivation to do anything, feeling frightened, crying without any identifiable reason, loss of appetite, and difficulty sleeping in the previous 2 weeks. These questions were based on the Center for Epidemiological Studies Depression Scale for Children (CES-DC) [53] . Responses were scored using a 3-point-scale with 1 point given for a response of not at all, 2 for sometimes, and 3 for often. The sum of the scores for all items was used to give a total score, with a higher score indicating a greater symptom load.
Participants were asked to assess their level of academic stress with responses scored according to a 5-point Likert scale ("1" = none, "2" = a little, "3" = moderate, "4" = high, "5" = extremely high). Respondents who answered "1" or "2" were classified as having low academic stress. Those who responded "3," "4," or "5" were categorized as having high academic stress.
Frequency of after school exercise in the past week was dichotomized as an exercise pattern of infrequent ("none" or "1 to 2 days") or frequent ("many days" or "everyday").
Screen behavior was measured by asking adolescents how often they had watched television or used electronic devices for more than 2 hr without a break in the past 1 week. Possible responses were as follows: "never," "once or twice," "many times," or "everyday." Responses of "many times" or "everyday" were categorized as frequent screen behavior and other responses as infrequent screen behavior.
The frequency of substance misuse in the past 1 year, including tobacco smoking, alcohol consumption, and betel nut chewing, was also assessed and the pattern of use was dichotomized as no ("never") or yes ("rarely," "sometimes," "often," or "mostly").
Statistical analysis
Data analyses were conducted using IBM SPSS (Version 22.0. Armonk, NY: IBM Corp.). We compared the demographic characteristics of study participants by sex using the independent sample t-test for continuous variables or the chi-square test for categorical variables. The same analysis was carried out to compare demographic characteristics of the study participants with and without complete data.
We conducted a growth curve analysis of sleep patterns from school grade level 7 to 12 by using linear mixed modeling (LMM, also known as multilevel modeling). LMM is a flexible approach for dealing with time effects in a longitudinal study when investigating patterns (of time) and explanatory variables of developmental change. We performed three nested models to satisfy the study aims. First, we specified a series of models with different time patterns (i.e. linear, quadratic, cubic, quartic, and quintic) and compared them using the likelihood ratio test (deviance test) to obtain the best-fitted model (Model 1: timeeffect model). Second, time-varying and time-invariant covariates were introduced into the model to evaluate the association between participant characteristics and sleep patterns (Model 2: main-effect model). Finally, we further incorporated interaction terms by sex with a polynomial trend into the model (Model 3: interaction model).
In addition, we perform another linear mixed model to investigate whether academic stress mediated the association between sex and weekday TIB. We adopted a traditional BaronKenny [54] 3-step approach and tested the indirect effect using Sobel's [55] formula.
Results
Demographic characteristics of participants
Supplementary Table S1 lists the data of the study participants with and without complete data. We found that participants with complete data had the following characteristics: more likely to be girls, experiencing higher levels of academic stress and less frequent screen behavior, less likely to smoke and to chew betel nut, and prone to reside and go to school in Taipei city.
A total of 1747 participants with complete data were eligible for analysis. Of these, 926 (53.0%) were girls. Table 1 summarizes baseline participant characteristics (7th grade). Parent's education level for girls was slightly lower than that for boys (p < .05). Girls tended to have a more mature level of puberty, better selfperceived health, more depressive symptoms, higher academic stress, less frequent screen behavior, and less use of tobacco and betel nut and were also more likely to be underweight and to take exercise infrequently (p < .01). There were no sex differences in consumption of alcohol, or residential and school area (Table 1) .
Model selection for polynomial trends
In the presence of six time points, a degree of freedom remains available to estimate up to the 5th polynomial order (quintic trend). Therefore, we estimated all available models in which the function (pattern) of time was linear, quadratic (2nd order), cubic (3rd order), quartic (4th order), and quintic (5th order).
The likelihood ratio tests showed that the best-fitted model for weekday TIB was the quadratic model. Supplementary Figure S1 demonstrates that the fitted data of quadratic function were more close to the observed data than that of linear function (we pooled data of boys and girls together). For weekend TIB, the cubic model was the best-fitted model, suggesting that there were two turning points. More specifically, TIB decreased from the 7th to 9th grade and then increased from the 9th to 10th grade, followed by a further decrease from the 10th to 12th grade (results not shown). Finally, the cubic model was the best-fitted model for WndD. WndD increased from grade 7 to grade 9, and then increased dramatically from grade 9 to 10, followed by a decrease from grade 10 to 12. The pairwise comparisons of the five nested models for each dependent variable are listed in Supplementary Table S2 .
Sex differences in sleep patterns
Model 2 in Table 2 presents the main effects of sex on the development of sleep patterns after adjustment for other covariates. The results showed that although boys had a longer weekday TIB than girls, both the weekend TIB and the discrepancy of TIB between weekdays and the weekend were longer in girls compared with boys. Post hoc analyses were conducted to test whether the observed sex differences in sleep patterns were significant at each time point. As shown in Table 3 , we found that girls had a shorter weekday TIB than boys at all time points (p < .001). In contrast, girls had a longer weekend TIB than boys at all time points (p < .01) except for during the 12th grade. WndD was longer in girls than in boys across the whole period of follow-up (p < .01). Mother's years of education 13.5 ± 2.6 13.6 ± 2.6 13. The results for sex differences in the slopes of sleep trajectories are presented in Model 3 of Table 2 . The insignificant interaction terms between sex and the polynomial trends indicate that developmental change in sleep patterns across time was not statistically different in boys and girls ( Figure 1A-C) . In other words, sleep pattern trajectories for boys and girls were parallel to each other.
Association between other covariates and sleep patterns
Model 2 in Table 2 summarizes the parameter estimates for associations between participant characteristics and sleep patterns (main effects). Results showed that lower paternal education, lower pubertal maturity, better self-perceived health, fewer depressive symptoms, lower academic stress, and nonuse of alcohol were associated with longer weekday TIB. In addition, being underweight (compared with normal weight), being normal weight (compared with overweight), lack of academic stress, and lack of frequent exercise were associated with longer weekend TIB. Having more depressive symptoms, being underweight (compared with normal weight), being normal weight (compared with overweight and obese), lack of frequent exercise, tobacco smoking, and going to school in an urban area were associated with a longer WndD.
In the supplemental analysis of weekday TIB (data not shown), we found that boys had longer weekday TIB and had lower level of academic stress than did girls (path c, B = 14.0, p < .001; path a, B = −0.18, p < .001). While controlling for sex difference, we still observed the association between academic stress and weekday TIB (path b, B = −15.9, p < .001). Furthermore, the indirect effect was 2.81 with a significant Sobel test (standard error = 0.31, p < .001). Therefore, the result indicated that academic stress might partially mediate the sex difference (why shorter in girls) in weekday TIB.
Discussion
To the best of our knowledge, this study is the first panel study on changes in sleep patterns in the East Asian region that not only is the largest collection to date of longitudinal follow-up sleep data in Taiwanese adolescents but also enables a comprehensive understanding of sleep patterns in adolescents that bridges many gaps in past research. Our main results show that TIB on weekdays and weekends declines in a nonlinear way from grade 7 to 12. The mean difference in TIB between weekdays and the weekend, the WndD, increases from grade 7 to 10 and then declines somewhat from grade 10 to 12. Compared with boys, girls report a shorter weekday TIB but a longer weekend TIB and greater WndD. There were no significant sex differences in observed changes in sleep patterns over time.
Weekday TIB
The National Institutes of Health [56] and Healthy People 2020 [57] recommends that healthy teens should sleep at least 8 hr a day. We found that the average weekday TIBs in adolescents from grade 7 to 12 ranged from 391.8 to 464.5 min, which are durations that fail to meet recommendations. This also confirms that Asian adolescents have a shorter TIB on weekdays compared with their counterparts in the United States, Europe, and Australia [58] . Therefore, the design of tailored education targeting adolescents' insufficient sleep on weekdays remains an important public health concern in Asians such as Taiwan.
Our finding of an overall decreasing trend in weekday sleep length supports that of past research. The slope of the decline decreased from grade 7 to 12 and the quadratic function, Data were presented as mean ± standard deviation (SD).
indicating a slowing in the rate of the decrease in the weekday TIB in the higher grade, is similar to that found in a 10 year longitudinal survey in Iceland [23] . Prior researchers have suggested that weekday sleep length is closely associated with delayed bedtimes because school start times (and rise times) do not vary across calendar years [20, 24, 59] . Our data showed slight different patterns, that is, the cubic model for bedtime from 7th to 12th grade (Supplementary Table S3 ).
Older adolescents have an increased preference for evening activities, go to bed later, and sleep less than younger adolescents [26] . In addition to underlying changes in biological circadian factors of brain structure and organization, this behavior change is also driven by external factors, notably increased pressures from academic, social, and extracurricular activities [26] . The results from Table 2 show that sleep length is negatively associated with higher academic stress and attending school in an urban area. In Taiwan, junior high school students (grades 7 to 9) have to cope with increasingly higher academic stress arising from the "Comprehensive Assessment Program for Junior High School Students." This could lead to overloading with homework as well as attending cram classes after school, which will result in these school students staying up later. This phenomenon is more pervasive in urban schools than rural schools.
A number of cross-sectional [34, 35, [37] [38] [39] [40] and longitudinal [20, 23, 30] studies have reported no statistically significant association between sex and weekday TIB. However, other studies have found conflicting results. For example, the crosssectional study of Russo et al. found that girls slept longer on weekdays [20, 23, 30, 34] , and this result is supported by that of Olds who found that girls slept for an average of 11.1 min longer than boys [58] . Fredriksen [60] and colleagues conducted a longitudinal study and found that girls slept longer from grade 6 to 8 but that the gap by sex declined over time. On the other hand, our study found that girls had a shorter weekday sleep length from grade 7 to 12 by around 11.8 to 14.5 min. A previous study [28] found that secondary school girls were more prone to eveningness and staying up later compared with their male counterparts. It is also possible that girls get up earlier in the morning in order to have sufficient time for dressing and grooming to meet their social and school commitments. Analysis of our data suggests that girls have later bedtimes yet similar rise times on weekdays compared with boys (Supplementary Table  S4 and Supplementary Figure S2, A and B) , contributing to a shorter weekday TIB in girls. Past research has found that sex differences in adolescents' propensity for eveningness on weekdays become less marked from 10 to 15 years of age [28] , and this may lead to the gap between sexes becoming smaller over time [58] . However, in our study, we found that there was no significant difference in changes in weekday sleep patterns over time, including bed time, rise time, and TIB, by sex (Table 2 and  Supplementary Table S5 ). We found a probable mediating effect of academic stress for the sex difference in weekday TIB, which should be investigated further to determine possible mechanisms and to determine whether this finding is generalizable. Further detailed studies and educational program implementations should focus on the role of academic stress and related situations, for sleep and well being, particularly in girls.
Weekend TIB
We found that participants slept for an average of more than 9 hr on the weekends from grade 7 to 11 and thus met recommendations from the National Sleep Foundation [56]. Campbell and Feinberg have proposed a period of "brain adolescence" that may present with a relatively rapid decline in weekend TIB from grade 7 to 9 [61] . This tendency is supported by findings from another cohort study [62] and a meta-analysis of sleep data from adolescents aged 9 to 18 from 23 countries [58] . Our work expands these previous findings by demonstrating a cubic function in weekend sleep length over time that has not been previously reported. We found that the length of weekend sleep decreased from grade 7 to 9 (from 565.5 to 551.1 min), followed by a slight increase to 553.4 min in grade 10, and then a further decrease to 515.5 min in grade 12 ( Figure 1B) . Although Thorleifsdottir et al. reported a similar pattern of decline in TIB with age on both weekdays and weekends [23] , Olds et al. found that the decline on weekdays was twice as much as that on weekends [58] . Our findings differ from those of Thorleifsdottir et al. and partially support those of Olds et al. as we found that the decline in TIB was about 2.5 times more on weekdays (464.5 to 431.4 min) than weekends (565.5 to 551.1 min), especially from grade 7 to 9. This pattern of a greater decline during weekdays than weekends supports the notion of a cumulative increase in activities during weekdays, such as academic pursuits, with increasing school grade [58] .
It is important to note the negative association between academic stress and weekend TIB. The higher academic stress in participants in grade 9 may partially explain the nonsmooth decline pattern with an indentation point at grade 9. In Taiwan, it is almost universal for adolescents in grade 9 to attend cram classes for complementary learning on both weekdays and weekends. This means that Taiwanese adolescents at this age have to get up earlier and thus sleep for a shorter time than needed on weekends. Therefore, weekend sleep length should not be regarded as the ideal amount of sleep required by Taiwanese students in grade 9.
Concerning the relationship between sex and weekend TIB, Petta et al. [63] and Craskadon [27] have suggested that the constant weekend sleep duration across developmental stages in 7-to 13-years-old reflects steady sleep need in both sexes. A number of cross-sectional [39, 40] and longitudinal [23, 30] studies have found no sex differences in weekend TIB. In contrast, we found a surplus weekend TIB in girls that ranged from 22.2 min in grade 7 to 2.8 min in grade 12. This supports findings from many cross-sectional [34-38, 58, 63] and longitudinal [20] studies. It is possible that girls need to sleep for comparatively longer than boys [58] . Compared with the finding of Olds et al. who reported a surplus weekend TIB of 28.7 min in girls on weekend nights [58] , our reported difference in TIB by sex was much smaller. In addition, we found no statistically significant difference in patterns of change in weekend bed time, rise time, and TIB by sex, along with girl's later rise time and similar bed time in comparison with their male counterparts.
Weekend-weekday difference
In this study, we demonstrated a cubic function in WndD trajectory from grade 7 to grade 12, which has not been established previously. The turning points in the trajectory occurred in grade 9 (100.8 min increasing to 114.8 min from grade 7 to grade 9) and grade 10 (131.8 min decreasing to 119.9 min from grade 10 to grade 12). Laberge et al. found progressively greater WndDs from ages 10 to 13 years [20] . We have extended this finding by demonstrating a nonlinear rising trend of WndDs from grade 7, with a steeper slope from grade 9 to 10, and halting at grade 10 (ages 15 or 16). Senior high school students (grade 10 and higher) may take more time to go to school than junior high school students. Therefore, they have to get up earlier and thus presented with more WndD. This could partially explain the dramatic increase in WndD from grade 9 to 10. The Ministry of Education in Taiwan has promoted 12 years of compulsory education since 2009 and as part of the implementation process increased the number of local neighborhood senior high schools. It is unclear whether this policy will alleviate excessive WndD in senior high school students and future research is needed to examine this hypothesis.
Although the underlying causes of WndD remain unknown, school start time, academic stress, and an individual's propensity for eveningness are potentially associated factors [28, 36, [64] [65] [66] [67] . We found that school students in urban areas have higher WndD than those in rural areas. In Taiwan, some students prefer attending schools in urban areas, which might have longer travel time. The American Academy of Pediatrics (AAP) has urged secondary schools to modify start times to enable students to obtain adequate sleep and improve their health, safety, academic performance, and quality of life [68] . There has not been adequate research into what would constitute an appropriate bed time and school start time in Taiwan. Further research is needed in order to draw more definite conclusions.
Our finding of a greater WndD in girls compared with boys supports that of previous cross-sectional [37, 38] and longitudinal [30] studies. However, the results shown in Table 2 do not support the hypothesis that sex differences in WndD are due to differences in pubertal maturation [63] . Despite our finding of a greater WndD in girls with a surplus of more than 20 min from grade 7 to 9 compared with boys that narrows to a surplus of 10.2 min in grade 12, there were insignificant interaction terms between sex and the polynomial trends. However, as we were unable to control for the possible confounding effect of eveningness, whether sex differences in WndD are the result of sex difference per se or eveningness remains unclear.
Limitations
This study has several limitations that should be considered when interpreting the findings. Firstly, the study participants were recruited from only two areas, Taipei City and Hsingchu County. In addition, there might be a selection bias in this study because we observed a substantial difference in the characteristics of participants with and without complete response. Therefore, caution is needed when generalizing the findings to all Taiwanese adolescents or other countries. Secondly, as data in this study came from annual follow-up assessments rather than more frequent time points, the findings of this study do not allow us to make further inferences about the possible contributions of season, semester, regular evaluation of academic achievement, or day-to-day variability to dynamic changes in sleep patterns. Thirdly, trends in self-reported bed time and rise time do not necessarily reflect corresponding changes in sleep quality. Despite a certain degree of overlap and correlation between these two domains, there are still differences between them [69] [70] [71] . In addition, sleep efficiency increases across the teenage years. The decline in actual sleep duration in the later years is likely greater than that measured bed time and rise time with questionnaires. Lastly, information about participant sleep schedules relied, like all large-scale sleep surveys, on self-report and was not validated by results derived from objective laboratory examinations. Despite the limitations of using self-reports information, adolescents are able to accurately and reliably report bedtimes and wake-up times [15] . There is also a concern about participants would not responding truthfully with regard to sensitive information, such as substance use behaviors, for fear of being identified or punished. To mitigate this concern, we stressed to participants that their responses would not be provided to parents or school teachers and information was collected using well-trained interviewers.
Strengths
This study also has a number of important strengths. The students were followed annually from 7th to 12th grade. On top of that, this is the first study on sleep patterns in adolescents that uses a welldesigned panel sample with frequent assessments and a long period of follow-up. A further methodological strength is the use of LMM for trend analysis. Our findings support the hypothesis that sleep patterns change according to secondary school grade while taking into account the possible effects of demographic, biological, psychological, behavioral, and social factors. We also found that the best fitted models for weekday TIB, weekend TIB, and WndD are quadratic, cubic, and cubic models, respectively.
Conclusion
We found decreasing trends in sleep length on weekdays (quadratic pattern) and weekends (cubic pattern), as well as a rising trend in WndD (cubic pattern). As for sex difference, girls had a shorter TIB on weekdays coupled with a longer TIB on weekends and a greater WndD. However, observed sleep pattern developmental trajectories were identical in both sexes.
This study contributes to the growing literature on sleep trends and sex differences in sleep patterns among school-aged adolescents that reveals less-than-ideal sleep durations. Although our results are in general agreement with the widespread reports of sleep insufficiency in both sexes, it is important for adolescents, parents, educators, and education policy makers to be aware of this unique vulnerability of girls during this life stage. We advocate for formal education on adolescents' unique sleep patterns and sex differences, and the relationship of sleep patterns with physical health, psychological well-being, cognitive performance, and sexual maturation. This could be achieved by incorporating this information into the curricula for adolescents of both sexes.
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